bulk of the large subunits, however, occur in association with a 29S binding protein complex (3, 5, 18) . ATP brings about the dissociation of this complex into 7S complexes and monomeric (about 60 kD) binding protein subunits (5, 11, 15) . Recently our laboratory has shown that antibody directed against this binding protein inhibits the in vitro incorporation of 7S large subunits into RuBisCO (6). It was also found that very low concentrations of ATP appear to support a reaction which limits the incorporation of large subunits into RuBisCO (6).
effect at high concentrationsofATP, a condition in which the dodecameric binding protein complex is dissociated into subunits. Overall, these data support the assumption that the incorporation of large subunits into RuBisCO in chloroplast extacts reflects de wove assembly rather than 'mere' exchange of subunits. The in vitro assembly of large subunits into RuBisCO is a finction of the conditions under which the lare subunits are synthesized in orgalello. When the lare subunits are made in chloroplasts suspended in 188 millimolarsorbitol, they are approximately 2-to 3-fold better able to assemble into RuBisCO when subsequently incubated in vitro than when they are synthesized in chloroplasts suspended in 375 millimolar sorbitol. This observation indicates that mere synthesis of large subunits is not sufficient to confer maximal assembly competence on hlage subunits. bulk of the large subunits, however, occur in association with a 29S binding protein complex (3, 5, 18) . ATP brings about the dissociation of this complex into 7S complexes and monomeric (about 60 kD) binding protein subunits (5, 11, 15) . Recently our laboratory has shown that antibody directed against this binding protein inhibits the in vitro incorporation of 7S large subunits into RuBisCO (6) . It was also found that very low concentrations of ATP appear to support a reaction which limits the incorporation of large subunits into RuBisCO (6) .
The incorporation of large subunits into RuBisCO could be due to de novo assembly or it could reflect some kind ofexchange reaction. If the incorporation is due to de novo assembly, then it should be dependent on small subunits; data presented here indicate that added small subunits can stimulate the incorporation of large subunits into RuBisCO in chloroplast extracts.
We observed an upper limit to the ability of added small subunits to stimulate RuBisCO assembly. Searching for limiting factors, we investigated the effect of pH and sorbitol concentration during in organello protein synthesis on subsequent in vitro assembly of large subunits into RuBisCO. Significant effects of sorbitol concentration were observed, indicating that optimal in vitro assembly was obtained after large subunits were synthesized in chloroplasts under hypotonic conditions.
MATERUILS AND METHODS
RuBisCO2 (EC 4.1.1.39) catalyzes the CO2 fixation step in the Calvin cycle of photosynthesis. It also catalyzes the competing 02 fixation step in photorespiration (12) . The enzyme consists of large subunits encoded in chloroplast DNA (13) and small subunits encoded in nuclear DNA. The small subunits are synthesized as precursors, taken up and processed by chloroplasts, and assembled with large subunits into RuBisCO in the chloroplast stroma (7) . The mechanism of these final assembly steps appears to involve a large subunit binding protein, which is not part of the final structure of the enzyme (3, 5, 6, 9, (14) (15) (16) 18 Hexokinase and glucose were added to samples 4 and 5 before incubation, in order to restrict the dissociation of the 29S form of the binding protein complex. Under these conditions, the incorporation of radioactive large subunits into RuBisCO occurs at the expense of 7S large subunits which are not associated with the 29S form of the binding protein (6) . These can be resolved by sucrose gradient centrifugation and SDS-PAGE (6, 18), but cannot be resolved on nondenaturing gels. Accordingly, the increase in RuBisCO radioactivity in lane 4 as compared with lanes 1 and 2 was not accompanied by a decrease in any resolved band in the gel lanes. The addition of small subunits .in the presence of hexokinase and glucose led to a perceptible increase in incorporation of radioactive large subunits into RuBisCO (compare lane 5 with lane 4). However, because the lane widths varied somewhat, it was necessary to obtain a quantitative measurement to verify this perception (see below). ATP was added before incubation of samples 6 and 7, in order to dissociate the 29S form of the binding protein (5, 15) . As expected, this led to loss of radioactivity in the 29S binding protein complex and an increase in RuBisCO radioactivity (compare lanes 6 and 7 with lane 2). (The amount of radioactivity lost from the 29S complex exceeded that appearing in RuBisCO; previous work has shown that most of the large subunits released by ATP treatment, while not resolved on these nondenaturing gels, can be accounted for: they sediment at 7S in sucrose gradients [15] .) Interestingly, the addition of small subunits in the presence of 5 mm ATP did not lead to greater incorporation than ATP alone (compare lane 7 with lane 6). The concentration of small subunits chosen in this experiment was very high-comparable with probable in vivo values (see "Discussion"). In other experiments, lower concentrations of small subunits showed similar effects, even when the small subunits were derived from spinach RuBisCO (Fig. lb , compare lane 3 with lane 2).
To check the visual impressions gained from the foregoing, repeat experiments were assessed by liquid scintillation counting ofgel slices containing the RuBisCO band (Fig. 2) . Small subunits stimulated the incorporation of large subunits into RuBisCO in the absence of added ATP by 60% or more (compare C with B). Small subunits stimulated large subunit incorporation into RuBisCO in the absence of endogenous ATP by about 40% (compare D with E). Small subunits did not have a significant effect on incorporation of large subunits into RuBisCO in the presence of added ATP (compare H with F). The same result was obtained when the added ATP was subsequently removed by addition of hexokinase and glucose (compare G and F). The data in Figure 2 suggest that there is an upper limit to the amount of incorporation of large subunits into RuBisCO under these conditions. This corresponded to about 20% of the total large subunits in the extract in this experiment.
Dependence of in Vitro RuBisCO Assembly on Conditions of in Organello Synthesis of Large Subunits. The chloroplast protein synthesizing system used here has been optimized with respect to the rate and duration ofamino acid incorporation into protein (8, 17) . The extracts appeared to be unable to support incorporation of all newly synthesized large subunits into RuBisCO, even when excess small subunits were added. Therefore we began to optimize the system with respect to subsequent in vitro assembly of the large subunits.
As a preliminary to this analysis we determined optimal sorbitol concentrations for synthesis oftotal and soluble proteins by isolated chloroplasts. There were two optima, at 188 and 330 mm (Fig. 3) .
We resuspended intact chloroplasts at different pH or sorbitol concentrations, and carried out in organello protein synthesis in the presence of "5S-methionine. We then added small subunits to extracts of these chloroplasts in the absence of ATP, and monitored the in vitro assembly of the radioactive large subunits into RuBisCO. We carried out the assembly steps in the absence of ATP and the presence of small subunits in order to eliminate two known limiting factors. A series of controls lacking these components was run in parallel.
The optimum sorbitol concentration for in organello synthesis of large subunits which subsequently could assemble into RuBisCO in vitro occurred between 165 and 220 mm (Fig. 4) . It is important to note that the assembly steps in this experiment were carried out in vitro, in the absence of sorbitol. The sorbitol effect therefore persists from the prior step of in organello protein synthesis, through lysis of the chloroplasts and removal of membranes. It is important to note that there was no peak ofassembly in the region between 200 and 377 mm sorbitol.
Previous experiments had been done using chloroplasts suspended at pH 8.0 to 8.3 and 330 mM sorbitol, which had been found to be optimal for in organello protein synthesis (8) . At 188 mM sorbitol, the optimum pH for in organello synthesis of large subunits which subsequently could assemble into RuBisCO in vitro was also between 8.0 and 8.3 (Fig. 5) . As (Fig. la,   lane 1) . The slightly higher baseline radioactivity seen in Figure  2A is due to an elevated background in the gel lane in that experiment. Thus, the percentage stimulation of assembly of RuBisCO by added small subunits is about 60% in the absence of other additions, and about 40% in the presence of AMP. This strengthens the idea that de novo assembly is occurring, and it also indicates that small subunits are one limiting factor in these extracts. In the presence of high concentrations of added ATP, however, addition of small subunits does not lead to additional assembly. This (Fig. 3) . The latter observation at first appeared different from that of Fish and Jagendorf, who reported one optimum at 340 to 350 mM (8) . However, it appears that those investigators did not examine the effect ofsorbitol below 220 mm (L Fish, personal communication). In our hands, large subunits were synthesized at comparable rates at both 188 and 377 mm sorbitol. However, the assembly of those made at the lower sorbitol concentration was 2-to 3-fold more extensive than the assembly of those made at the higher sorbitol concentration.
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